Interdiffusion experiments with GaAsP/GaAs and GaAsSb/GaAs superlattice samples were performed at various temperatures and arsenic vapor pressures. From the depth-concentration profiles effective diffusion coefficients were calculated. The dependence of these effective diffusion coefficients on the ambient arsenic pressure led to the conclusion that the interdiffusion process is governed by a substitutional-interstitial diffusion mechanism. The good agreement of the effective diffusion coefficients of the GaAsP/GaAs and GaAsSb/GaAs samples with each other and the agreement with arsenic self-diffusion data from the literature is an indication that phosphorus and antimony have good tracer properties to investigate arsenic self diffusion. Comparing our results with sulfur in-diffusion experiments from the literature we conclude that the kick-out mechanism governs self-diffusion on the arsenic sublattice in GaAs. Our results are in contradiction to arsenic self-diffusion experiments which indicated a vacancy mechanism.
I. INTRODUCTION
For the fabrication of optically active electronic devices as well as for ultrafast and radiation-resistant devices gallium arsenide ͑GaAs͒ is the material of choice. Since the device fabrication processes have been moving to smaller and smaller scales, a good understanding of material properties during each processing step is necessary. The diffusion behavior of dopants and native point defects in the material often determines the electrical properties of the final device. Diffusion processes therefore have to be studied carefully.
The GaAs crystal structure consists of two elemental sublattices. Impurities such as dopant atoms mainly reside on one of the two sublattices and are assumed to move on this specific sublattice. 1 Most technologically important dopant atoms for GaAs, such as silicon, zinc, and beryllium, reside on the gallium sublattice of GaAs. Consequently, considerable effort was put into the understanding of diffusion phenomena on the gallium sublattice. Since carbon is reported to be a very slow diffusing p-type dopant compared to zinc and beryllium, it is preferred for the production of small and ultrafast devices. Carbon is substitutionally dissolved on the arsenic sublattice of GaAs. Therefore, the understanding of arsenic sublattice diffusion mechanisms also has become of technological interest.
On an atomic scale, the diffusion process of substitutional impurity atoms is likely to involve the same native point defects as are involved in self-diffusion. Therefore, the understanding of self-diffusion mechanisms and the determination of concentrations as well as mobility of the native point defects in the crystal are important steps towards the understanding of impurity diffusion processes.
A standard procedure to investigate self-diffusion processes in crystals is the in-diffusion of tracer isotopes, either radioactive or nonradioactive. On the gallium sublattice of GaAs aluminum proved to have good tracer properties for gallium. 2 Interdiffusion experiments with GaAs/AlAs superlattice structures therefore became a standard procedure to determine gallium self-diffusion parameters in GaAs. Alternatively, stable gallium isotope superlattices were also used. 3, 4 Since no stable tracer isotopes are available for arsenic and the handling of radioactive arsenic isotopes is difficult due to the very short half life times of the isotopes, 5, 6 an approach analogous to the Al/Ga approach was applied to the arsenic sublattice. The diffusion of phosphorus and antimony in GaAs was investigated in order to determine whether these elements show tracer properties for arsenic and allow conclusions to be drawn on self-diffusion on the arsenic sublattice.
II. MODELS FOR GROUP V DIFFUSION IN GaAs

A. Diffusion mechanisms
Diffusion processes in crystalline materials generally can be understood in terms of the diffusion behavior of point defects and their interaction with each other or with crystal atoms. A variety of basic diffusion mechanisms have been established to explain self-diffusion and the diffusion of substitutionally dissolved impurity atoms in semiconductor materials.
The most common diffusion mechanism is the vacancy mechanism:
where V denotes a vacancy and O a host lattice atom on a lattice site. A specific variant of the vacancy mechanism is the fast pair diffusion mechanism suggested by Yoshida et al. 7 for phosphorus diffusion in silicon and by Shaw 8 for zinc diffusion in GaAs. In this model an impurity atom dissolved on a substitutional site (S) and a vacancy form a pair with a diffusivity D P and a solubility c P eq . This pair can diffuse very fast, eventually dissociates into its constituents and later on may form again according to:
In this reaction S specifically denominates a substitutionally dissolved impurity atom. A separate class of diffusion models, the substitutionalinterstitial mechanisms ͑SI͒ assume that the impurity diffuses on interstitial sites (i) of the crystal with a diffusivity D i before occupying a lattice site to become a substitutional atom. The solubilities of the substitutionally and interstitially dissolved form are denoted by c S eq and c i eq , respectively. Generally, it is assumed that c i eq Ӷc S eq holds. In the FrankTurnbull mechanism 9 the change-over from an interstitial (i) to a substitutional configuration (S) is accomplished by the interaction with a vacancy:
In the case of a sufficiently small vacancy concentration, the interstitial impurity atom can only switch to a lattice site by kicking out a regular crystal atom to an interstitial site. In the kick-out mechanism 10 impurity atoms are assumed to diffuse on interstitial sites, often over distances of many lattice constants, before switching over to a lattice site and thereby generating a self-interstitial I:
iϩO SϩI. ͑4͒
A specific limiting case of the kick-out mechanisms is the interstitialcy mechanism in which the interstitial atoms move only in the order of a lattice constant before the next exchange reaction occurs.
All of these diffusion models, in principle, may also hold for diffusion processes on the arsenic sublattice of GaAs. These diffusion processes may occur under nonequilibrium as well as under equilibrium conditions. For the equilibrium case, the product (D i c i eq ) for the impurity atoms is lower than the corresponding product ͑D I c I eq or D V c V eq ͒ of the specific intrinsic point defect, whereas for the nonequilibrium case it is the other way round. In the present study, contributions from point defects of the gallium sublattice and antisite defects are neglected, for reasons described elsewhere. 
B. Determination of the effective diffusion coefficients
Provided that no changes of the diffusivity occur due to the charge state of the point defects or a change of the Fermi level due to a dopant profile, the diffusion coefficient of point defects can be assumed to be constant. The interaction between various point defect species can be expressed by the law of mass action. The analysis of each diffusion mechanism leads to a system of coupled partial differential equations. In this system each point defect species involved in the diffusion mechanism is represented by one equation.
In general, this system of equations is only solvable by numerical methods. A relatively large number of fitting parameters makes it hard to obtain a unique solution for a given set of boundary conditions. Therefore, it is necessary to simplify the equations by approximations, appropriate for the physical assumptions made. An important assumption we will use in the following is that, for a given set of boundary conditions, only one diffusion mechanism will govern the diffusion behavior of the point defects. This dominance may change due to a variation of experimental parameters such as temperature or pressure. As substitutionally dissolved impurity atoms as well as regular lattice atoms on lattice sites are assumed to be basically immobile without the interaction with point defects, only the interaction terms with point defects have to be considered for this species. Furthermore, for the nonequilibrium diffusion mechanisms the diffusion coefficient of the fast-diffusing interstitials or pairs is assumed to be much faster compared to all other contributions so that the thermal equilibrium concentration values of these interstitials are reached almost instantaneously.
By applying these approximations to the diffusion equations under certain boundary conditions, it is possible to calculate effective diffusion coefficients for the various models. A characteristic feature of these effective diffusion coefficients is the connection of observables with atomistic parameters of the specific model. As the concentration of substitutionally dissolved impurity atoms (C S ) can be measured directly by secondary ion mass spectroscopy ͑SIMS͒, this variable is chosen as the observable. Calculating effective diffusion coefficients of the individual models leads to the results compiled in Table I . One can distinguish two types of effective diffusion coefficients: for all cases of intrinsic point defect equilibrium conditions a concentration-independent effective diffusion coefficient is obtained. On the other hand, for the intrinsic point defect nonequilibrium diffusion mechanisms a concentration-dependent effective diffusion coefficient is expected in the cases of the kick-out and the pair diffusion mechanism. Analysis of the concentration profile shape of the annealed samples permits to infer the point defect equilibrium from the nonequilibrium mechanism in this both cases. Furthermore it can be seen from Table I that the effective diffusion coefficient of each model specifically depends on equilibrium concentration and diffusion coeffi-TABLE I. Characteristic features of the effective diffusion coefficients on the arsenic sublattice for the substitutional-interstitial ͑Frank-Turnbull, interstitialcy, kick-out͒ and the vacancy mechanisms under intrinsic point defect equilibrium ͑EQ͒ and nonequilibrium ͑non-EQ͒ conditions.
Model
D eff D eff dependence on increasing As pressure
cient of one type of point defects. A detailed analysis of the concentration profiles and their arsenic pressure dependence allows to draw conclusions on point defects governing the diffusion process.
C. Arsenic pressure dependence of the effective diffusion coefficient
The effective diffusion coefficients depend on the arsenic vapor pressure applied during the diffusion experiment. Assuming that the arsenic tetramer As 4 dominates the arsenic vapor phase at the temperatures and pressures of interest, 1 arsenic vacancies are formed by evaporation of an arsenic lattice atom As As according to As As 1 4 As 4 ϩV As . ͑5͒
Applying the law of mass action and the ideal gas equation to this equilibrium reaction, it can be concluded that the thermal equilibrium concentration of arsenic vacancies is inversely proportional to the fourth root of the arsenic vapor pressure:
. ͑6͒
Analogously, from the formation mechanism of arsenic selfinterstitials (I As ) by in-diffusion of an arsenic atom from the vapor phase according to 1 4 As 4 I As ͑7͒ the arsenic vapor pressure dependence for the thermal equilibrium concentration of arsenic self-interstitials,
can be obtained. Since the effective diffusion coefficient for a specific diffusion mechanism depends on the concentration of the native point defects involved, the effective diffusion coefficient also depends on the arsenic vapor pressure in a characteristic way. The results of these calculations are also displayed in Table I . For the two vacancy diffusion mechanisms, a decrease of the effective diffusion coefficient with increasing arsenic vapor pressure is expected, whereas the substitutional-interstitial mechanisms can be identified by an increase of the effective diffusion coefficient with increasing arsenic vapor pressure.
In conclusion, theoretical analysis of several diffusion mechanisms under intrinsic point defect equilibrium or nonequilibrium conditions shows that the concentration profile shape and the arsenic vapor pressure dependence of the effective diffusion coefficient can be used to distinguish the dominance of a certain diffusion mechanism. As an example, simulated out-diffusion results for the kick-out mechanism under nonequilibrium conditions and the Frank-Turnbull mechanism under nonequilibrium conditions are shown in Fig. 1 . The calculations were performed assuming identical point defect concentrations and diffusivities. This means that the product (D V c V eq ) which is used for the Frank-Turnbull mechanism is the same as the product (D I c I eq ) used for the kick-out mechanism. One can clearly distinguish between the different profile shapes for the two mechanisms. The only cases which cannot be distinguished are the kick-out and the Frank-Turnbull mechanism operating under equilibrium conditions.
For the experiments, the samples have to be chosen in such a way that within the SIMS resolution the characteristic profile shape is measured accurately. Furthermore, the arsenic pressure dependence of diffusion profiles has to be measured.
III. EXPERIMENT
As in-and out-diffusion experiments are different from the point of view of point defect equilibrium concentrations, in-as well as out-diffusion experiments were performed. For the in-diffusion experiments, GaAs crystal samples were annealed with a small amount of elemental phosphorus or antimony. The out-diffusion behavior of phosphorus and antimony in GaAs was studied in interdiffusion experiments with GaAs 1Ϫx P x /GaAs and GaAs 1Ϫx Sb x /GaAs superlattice samples. For the P and Sb point defect equilibrium concentrations, the interdiffusion experiments are equivalent to the out-diffusion case. GaAs, GaP, and GaSb crystals have different lattice constants. In order to avoid or minimize the formation of misfit dislocations during crystal growth, the superlattices were grown with mixed crystal layers containing low P and Sb concentrations between 2 and 20% of the group V atomic content. The superlattice samples typically consisted of ten periods of mixed-crystal and GaAs layers with a period length of 50-100 nm. The superlattice was capped with an 100-200 nm cap layer of GaAs 1Ϫx P x , or GaAs in the case of the GaAs 1Ϫx Sb x /GaAs samples. The superlattice samples were grown by metalorganic chemical vapor deposition ͑MOCVD͒ using a commercial reactor.
11
The growth temperature was set to 650°C for the GaAs 1Ϫx P x /GaAs and to 525°C for the GaAs 1Ϫx Sb x /GaAs samples in order to minimize diffusion during the growth FIG. 1 . Simulated out-diffusion profiles for the kick-out mechanism and the Frank-Turnbull mechanism under nonequilibrium conditions of intrinsic point defects. Both simulations were performed assuming identical point defect concentrations and diffusivities. The insert shows a magnification of the kick-out profile demonstrating the asymmetric shape of the profile in contrast to the symmetric profiles expected for the Frank-Turnbull mechanism.
process. Transmission electron microscopy investigations as well as cathodoluminescence measurements showed a negligible dislocation density of the as-grown samples.
The samples were annealed in sealed quartz ampoules. The annealing temperature was chosen between 950 and 1100°C. Metallic arsenic was added to the ampoules to establish a defined arsenic vapor pressure in the range from 0.01 to 10 atm during the annealing.
After annealing of the samples the concentration-depth profiles were measured directly by SIMS. Systematic aberrations of the SIMS profiles were studied in detail for the used samples and SIMS equipment. 12 As a result the SIMS profiles could be used to distinguish between the characteristic shape of point defect equilibrium and nonequilibrium conditions during the interdiffusion process. The concentrationdepth profiles were additionally measured indirectly using cathodoluminescence spectroscopy. As the wavelength of the cathodoluminescence light corresponds to the mixed-crystal composition in the superlattice structure, it is possible to determine the concentration profile of the annealed samples by cathodoluminescence under certain conditions.
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IV. RESULTS AND CONCLUSIONS
A. Interdiffusion in the superlattice samples
Shape of the interdiffusion profiles
As a first experimental result, the SIMS concentration profiles showed that the interdiffusion in the GaAs 1Ϫx P x /GaAs as well as in the GaAs 1Ϫx Sb x /GaAs samples occurred homogeneously for all superlattice layers and was not depth dependent. The profile shapes were symmetrical around the mean superlattice concentration value. The measured profiles could easily be simulated assuming Fick's law with a constant effective diffusion coefficient. Figure 2 demonstrates that a computer simulation of the interdiffusion process based on a constant diffusivity almost perfectly fits the SIMS profile.
This observation is a fundamental requirement for the determination of concentrations from the cathodoluminescence spectra. Furthermore, the shape of the profile indicates that point defect nonequilibrium mechanisms as the kick-out mechanism and the pair diffusion mechanism can be excluded for the explanation of the interdiffusion profiles. This result allows to derive effective diffusion coefficients assuming a constant interdiffusion coefficient either from the SIMS profiles or from the cathodoluminescence spectra.
Comparison of the effective diffusion coefficients
In Fig. 3 , a representative selection of effective diffusion coefficients for various samples, arsenic vapor pressures, and temperatures is plotted. As a guide to the eye, the dashed line indicates that all effective diffusion coefficients follow an Arrhenius relationship. The second important observation is that two independent methods of analysis, SIMS and cathodoluminescence lead to almost identical effective diffusion coefficients. The agreement of two data points is even better than the error of the individual data point indicated by the error bar. The third important observation is that the effective diffusion coefficients for the GaAs 1Ϫx P x /GaAs and the GaAs 1Ϫx Sb x /GaAs samples are in good agreement with each other. Considering the different composition of both types of superlattice samples and the opposite strain character of the samples, this result indicates that the interdiffusion process is governed by a diffusion mechanism fundamental to the As sublattice of GaAs. This conclusion is further supported by the observation that different strain in superlattice samples of the same type showed no significant influence on the diffusion behavior in these samples.
The triangle symbols in Fig. 3 show the arsenic vapor pressure dependence of the effective diffusion coefficient of the interdiffusion. For high arsenic vapor pressures, a higher effective diffusion coefficient was obtained. This observation indicates that a substitutional-interstitial diffusion mechanism is governing the interdiffusion process. 
Arsenic vapor pressure dependence of the effective diffusion coefficients
The arsenic vapor pressure dependence of the effective interdiffusion coefficients was investigated in greater detail. In Fig. 4 , the effective diffusion coefficients of GaAs 1Ϫx P x /GaAs superlattice samples annealed at two different temperatures are plotted as a function of the arsenic vapor pressure. It is obvious that the effective diffusion coefficient increases with increasing arsenic vapor pressure. The effective diffusion coefficients were fitted by linear regression to the function ln͑D eff ͒ϭa ln͑ p As4 ͒ϩb, ͑9͒
which can be derived from the power law dependence of the effective diffusion coefficient on arsenic vapor pressure. The fitting parameter a is the pressure exponent. For the GaAs 1Ϫx P x /GaAs samples, a mean pressure exponent of 0.18Ϯ0.08 was obtained, for the GaAs 1Ϫx Sb x /GaAs samples 0.25Ϯ0.06. A comparison of these values with the predictions for the different diffusion models compiled in Table I also indicates that the interdiffusion processes for both types of superlattice samples are governed by a substitutional-interstitial diffusion mechanism close to point defect equilibrium conditions. Published results of arsenic self-diffusion experiments indicate a negative value for the pressure exponent. 6 For several annealing temperatures, a decrease of the diffusion coefficient with increasing arsenic pressure was reported. This observation led the authors of the self-diffusion study 6 to the conclusion that a vacancy mechanism is governing the arsenic self-diffusion process. We will come back to this difference in the observed pressure dependence of self-diffusion and interdiffusion.
A different set of experiments [14] [15] [16] [17] deals with diffusion of sulfur in GaAs. In this case the diffusion is governed by the kick-out mechanism under nonequilibrium conditions. 17 The shape of the profiles, the observed formation of interstitial-type loops 17 and a positive value for the arsenic pressure exponent 15 confirm this statement. In this case it was possible to calculate the interstitial component of arsenic self-diffusion data from simulations of the nonequilibrium profiles. Figure 5 shows some typical effective diffusion coefficients for the superlattice interdiffusion in comparison with arsenic self-diffusion and phosphorus in-diffusion coefficients. The in-diffusion data points are partly cited from the literature 6, 14, 17 and partly determined by our own experiments. It is clearly visible that the effective diffusion coefficients for the interdiffusion and the arsenic self-diffusion coefficients are in good quantitative agreement with each other. Phosphorus in-diffusion experiments lead to lightly lower diffusion coefficients than obtained from interdiffusion experiments. Phosphorus in-diffusion data from the literature 18 are some orders of magnitude higher than the interdiffusion data and are not considered in Fig. 5 . For these experiments, very high phosphorus vapor pressures were used. It turned out that the effective diffusion coefficient for the phosphorus in-diffusion strongly depends on the phosphorus/arsenic vapor pressure ratio during the experiment. Therefore, it is assumed that phase transitions in the ternary Ga/As/P phase diagram critically depend on the As/P vapor pressure ratio. Detailed studies of the phosphorus in-diffusion behavior in GaAs are performed currently. Presently it is not possible to decide which diffusion mechanism governs the phosphorus in-diffusion in GaAs.
Comparison of the interdiffusion coefficients with in-diffusion results
The good agreement of the interdiffusion coefficients and the arsenic self-diffusion coefficients is an indication that the interdiffusion process in the superlattice samples is governed by GaAs native point defects. The native point defects governing the interdiffusion and the arsenic selfdiffusion have to be of the same species to consistently describe the transition from self-to impurity diffusion. 
B. Diffusion mechanism for the out-diffusion case
The positive arsenic pressure exponent, observed for the case of out-diffusion, indicates a substitutional-interstitial mechanism. Thus, the two possible diffusion mechanisms which are in accordance with our experimental observations are either the kick-out mechanism or the Frank-Turnbull mechanism, both occurring under equilibrium conditions. The value of the pressure exponent as well as the shape of the SIMS profiles indicate that this mechanism should be close to point defect equilibrium conditions. That means that the effective diffusion coefficient is given by
From the good agreement of the effective diffusion coefficients for the GaAs 1Ϫx P x /GaAs and the GaAs 1Ϫx Sb x /GaAs samples, with the arsenic self-diffusion coefficients, determined by tracer methodes 6 or from sulfur in-diffusion profiles, 17 it can be inferred that P and Sb in the out-diffusion case have tracer properties for the arsenic interstitials. Therefore we may assume that D i ӍD I and (C i eq /C S eq )Ӎ(C I eq /C 0 ). In the sulfur experiments sulfur diffusion is dominated by the kick-out mechanism and arsenic self-diffusion occurs predominantly via arsenic selfinterstitials. Combining all these observations it can be concluded that only the kick-out mechanism under equilibrium conditions fulfills all requirements for the observed features of As/P and As/Sb interdiffusion as well as for arsenic selfdiffusion. In the literature there are also some new indications 19, 20 that arsenic interstitials are governing diffusion on the arsenic sublattice. As mentioned above, this assumption contradicts the conclusion drawn from the arsenic pressure dependence of arsenic self diffusion experiments by Palfrey et al. 6 Based on our results, we conclude that it cannot be excluded that the arsenic pressure dependence reported by Palfrey et al. may be incorrect. Further investigations on the arsenic pressure dependence of arsenic tracer diffusion are certainly highly desirable in order to resolve this question.
C. Test of the diffusion mechanism by computer simulations
In order to determine the diffusion parameters of the native point defects, computer simulations were performed to model the experimental results. The goal was to find a consistent parameter set to simulate both the measured temperature dependence and the arsenic vapor pressure dependence of the effective diffusion coefficients for the GaAs 1Ϫx P x /GaAs and the GaAs 1Ϫx Sb x /GaAs samples. The assumption of the kick-out mechanism results in a set of three coupled differential equations representing the diffusion and reaction of the substitutional impurity atoms, the arsenic interstitials and the impurity interstitials. It must be mentioned that we can use the same simulation parameters for the Frank-Turnbull mechanism under equilibrium conditions. In this case the parameters for the arsenic interstitials can be used for the arsenic vacancies. The substitutional impurity equilibrium concentration is measured directly at the surface of the annealed samples.
The computer simulations were performed using the ZOMBIE simulation package. 21 ZOMBIE provides routines to numerically solve a set of coupled partial differential equations. These equations, specific for the diffusion mechanisms considered, can be individually formulated in the form of user provided subroutines.
In Fig. 6 the results of these simulations are presented for a GaAs 1Ϫx Sb x /GaAs superlattice sample. The data points represent SIMS data. The different lines are the simulation results. Using an activation enthalpy of 1.2 eV for the effective diffusion coefficient and an arsenic pressure exponent of 0.25, the plotted profiles were obtained. The pressure exponent is in good agreement with the pressure exponent obtained from the analysis of the experiments. The simulation of GaAs 1Ϫx P x /GaAs experimental profiles with a consistent set of parameters was successful with a similar degree of agreement with the experimental data. For this simulation, the same pressure exponent of 0.25 was assumed. The activation enthalpy for the effective diffusion coefficient used for this simulation was 1.5 eV, which is in the large range of experimentally determined values from 0.8 to 4 eV.
V. SUMMARY AND OUTLOOK
The in-and out-diffusion of phosphorus and antimony in GaAs was investigated experimentally. As a special case of an out-diffusion experiment interdiffusion experiments in GaAs 1Ϫx P x /GaAs and GaAs 1Ϫx Sb x /GaAs superlattice samples were performed. The SIMS profiles of the annealed samples showed almost homogeneous interdiffusion which could be described by constant effective diffusion coefficients. The experimentally determined effective diffusion coefficients show no significant influence of lattice strain or material composition on the diffusion properties. The values of the effective diffusion coefficients are close to published arsenic self-diffusion coefficients. From the arsenic pressure dependence and from the diffusion profile shape, it is concluded that the interdiffusion process in the superlattice samples is governed by a substitutional-interstitial diffusion mechanism with an intrinsic point defect concentration close to its thermal equilibrium value. It is also concluded that arsenic self-diffusion should be governed by arsenic interstitials. Comparison with results on sulfur diffusion from the literature allows to conclude that only the kick-out or interstitialcy mechanism under equilibrium conditions explains the interdiffusion experiments. The contradiction between our conclusion on arsenic self-diffusion and that derived from the As vapor pressure dependence of radioactive tracer in-diffusion experiments must be resolved in further experiments.
